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1.0 SUMMARY 

During t h i s  repor t  p e r f 9 d  major e f f o r t s  were d i r e c t e d  t o  (1 )  

development of  a theore t  Lcal treatmeat of s o l u b i l i t y ,  ( 2 )  measurements 

of t h e  vapor p re s su re  of LF3d s ? lu t ions ,  (3;  rneasuc=-wrrts of gas so lu-  

b i l i t i e s  i n  LiOH s o l u t i o n s ,  a-.d ( 4 )  measurements of  gas d i f f u s i v i t i e s  

i n  KOH s o l u t i o n s .  

The l lcav i ty l l  model has bee? extended t o  c3ver the  s o l u b i l i t y  

of gases  i n  concent ra ted  s o l u t i o n s  of e l e c t n l y t e s  and the p r e d i c t i o n s  

of t h e  theory have been compared with t h e  experimental  r e s u l r s  f o r  a 

number of non-polar gases  d isso lved  ic KQH over a wide Pa7ge of  concen- 

t r a t i o n s  and temperatures .  Agreement between theory and experiment i s  

good f o r  s m a l l  s o l u t e  molecules; the r e s u l t s  for s u l f u r  hexa f luo r ide  

and neo-pentane d i sag ree  with theory by s u b s t a n t i a l  a n x n t s ,  bur t h e  

agreement i s  much b e t t e r  than  f o r  o ther  t h e o r i e s .  

Vapor pressures  over LiBii s o l u t i m s  have beer- measure5 a t  

0 temperatures  up t o  60 C a.sp.d a t  cancen t r a t ions  of Li0X t o  j u t  over 10 

W t .  by means of a dew p s,,t n r t t d .  Ag.r&.SmeTit of t h ~ s t  &Ld w-ith 

t h e  few which a r e  i? t h e  l i t e r a t u r e  i e  very good. 

The s o l u b i l i t y  of oxygen and argon i n  aqueous Li35 3 3 1 d r i ~ ~  

~ 1 9 -  -Y 
0 

has been measured over t h e  temperature range 25-60 C ax76 2 -  

c e n t r a t i o n s  up t o  near s a t u r a t m n .  She s o l u b i l i s y  cf t hese  ~ W C  gdf".= 

dec reases  subs tan t  f a l l y  as e i t h e r  L i O i i  Concentration or t e r n r - r - i + * ~ - ~  

i n c r e a s e s .  

Measuremects of  t h e  d i f f u s i v i t y  O f  oxygen i n  KOH s 7 1 1 ~ r  io?, 

0 8 
from 25 t o  60 C and of  hydroge9 a t  25 and 40 C have been made 1 -  r(.3? 

1 
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concent ra t ions  up t o  s a t u r a t i o n  using an e lec t rochemica l  method based 

on d i f f u s i o n  i n  a c a p i l l a r y ,  A semi-log p l o t  of D v s  spec ie s  f r a c t i o n  

i s  approximately l i n e a r  up t o  moderate K0Ii concen t r a t ions ,  but i t  

becomes curved towards f l a t n e s s  a t  high KOH concen t r a t ions ,  i . e . ,  t h e  

d i f f u s i v i t y  tends t o  approach a constant  va lue  a t  h igh  KOH concentra-  

t i o n s .  A log-log p l o t  of D/T v s  1 / T  i s  l i n e a r  f o r  a l l  KOH concentra-  

t i o n s ,  over t h e  temperature  range so f a r  s tud ied .  

2 .0  SOLUBILITY OF GASES IN POTASSIUM HYDROXIDE SOLUTIONS - S. KO Shoor 

I n  con t inua t ion  o f  work repor ted  previous ly ,  measurements of 

t h e  s o l u b i l i t y  of oxygen, hydrogen, helium, argon, s u l f u r  hexaf luor ide ,  

methane and neopentane have been made a t  temperatures  of 25, 40,  60, 

8OoC, 

100°C. 

cal  model fo r  s o l u b i l i t i e s  of gases i n  concent ra ted  e l e c t r o l y t i c  

s o l u t i o n s .  

S o l u b i l i t i e s  of  oxygen and hydrogen have a l s o  been measured a t  

These da t a  have been u t i l i z e d  i n  t h e  eva lua t ion  of a t h e o r e t i -  

2 . 1  Theories of Gas S o l u b i l i t y  

Theories  05 gas s o l u b i l i t y  i n  n o n e l e c t r o l y t i c  l i q u i d s  have 

been reviewed by Ba t t ino  and Clever (1). Recent ly ,  Conway ( 2 )  has 

summarized t h e  important modif icat ions of t h e  e l e c t r o s t a t i c  t h e o r i e s  

f o r  e l e c t r o l y t i c  systems A l l  of the e l e c t r o s t a t i c  t h e o r i e s  assume 

t h e  so lven t  t o  be a cont inuous medium and apply only t o  d i l u t e  e l ec -  

t r o l y t e  s o l u t i o n s  

A c a v i t y  model based on scaled p a r t i c l e  theory ( 3 , 4 )  has 

been developed, and i t  can be used t o  p r e d i c t  gas  s o l u b i l i t i e s  i n  

concent ra ted  potassium hydroxide so lu t ions  wi th  moderately good 

2 



Y m  accuracy.  We cons ider  a mixture  cons is t ing  of components 1,2, ---- 

, 

J 

( t h e  s o l v e n t ) .  I n t o  t h i s  mixture  a s o l u t e  molecule a i s  introduced.  

The r e a l  molecules a r e  assumed t o  possess hard cores  of diameter  

a a . Assuming t h a t  t h e  t o t a l  p o t e n t i a l  energy i s  t h e  sum 
a l * * * * *  m y  a 
of p a i r  p o t e n t i a l s ,  t h e  fol lowing expression f o r  chemical p o t e n t i a l  of 

= number dens i ty  of  Component j 
’j 

u 

g . ( r , f )  = r a d i a l  d i s t r i b u t i o n  func t ion  between s o l u t e  and so lvent  

( r y e )  = p a i r  w i s e  p o t e n t i a l  between s o l u t e  and so lvent  component j 
aj 

a J  component j 

4 = a charging parameter ( see  r e f .  14) which al lows t h e  s o l u t e  
molecule t o  be coupled wi th  the  so lven t .  

We no te  t h a t  only i n t e r a c t i o n s  between t h e  s o l u t e  a and so lven t  of spec ies  

j are  involved i n  t h i s  equat ion.  In Equation 2.1-1 t h e  lower and upper 

i n t e g r a t i o n  l i m i t s  o f  4 correspond t o  complete uncoupling and complete 

coupl ing of t h e  s o l u t e  molecule,  r e spec t ive ly .  

The p a i r  p o t e n t i a l  u ( r , t )  i s  assumed t o  be of t h e  fol lowing 
aj 

form 

(2.1-2) 

where uh ( r y e h )  and uaj(r ,4 , )  S a r e  the hard sphere and s o f t  po r t ions  of 
aj 

t h e  p o t e n t i a l  between s o l u t e  and solvent  component j ,  r e s p e c t i v e l y ,  and 

ch and es a r e  charging parameters for t h e  hard and s o f t  p o t e n t i a l s ,  

r e s p e c t i v e l y .  

3 
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h u ( f )  = co 
a j  

aa+a 
(2.1-3) =- 

r <  a a j  2 

By al lowing 4 t o  vary from 0 t o  a we "charge up'' t h e  hard 
h a j  

p a r t  of t h e  p o t e n t i a l ,  

t h e  name ' s ca l ed  p a r t i c l e  t h e o r y ' ) ;  t h u s ,  when 4 = a 
h a j  

of s o l u t e  a i s  f u l l y  coupled t o  the  rest of  t h e  system. 

0 t o  1. 

coupled. A va lue  of zero  ass igned  t o  both 4 and 4 implies  t h a t  

s o l u t e  a i s  decoupled from t h e  system. 

The term Eh i s  t h e  ' s c a l i n g '  parameter (hence 

t h e  hard core  

4 ,  v a r i e s  from 

When 4, = 1, t h e  s o f t  p a r t  o f  t he  p o t e n t i a l  w i l l  be f u l l y  

h S 

The s o l u t e  chemical p o t e n t i a l  may now be w r i t t e n  

3 -h -s = kTlnp A + g 'a a a  a + g a  (2.1-4) 

The charging procedure involved i n  Equation 2.1-5 i s  tantamount t o  f i r s t  

i n t roduc ing  a hard-sphere s o l u t e  molecule of diameter a . 
-h 
ga a 
up t o  i t s  f u l l  diameter a e a 

I n  eva lua t ing  a 
a s o l u t e  molecule of diameter (-a ) i s  in t roduced ,  and then sca l ed  

4 



For a vapor and l i q u i d  phase i n  equi l ibr ium 

(2.1-7) 

I -  

. 
* 

G L 
where pa and pa 

G L  
Pa = Pa 

a r e  t h e  chemical p o t e n t i a l s  of  t h e  s o l u t e  molecule i n  the  
" 
b 

gas and l i q u i d  phases,  r e spec t ive ly .  The chemieal p o t e n t i a l ,  p can be a' 
w r i t t e n  (5) a s  

. 3  

(2.1-8) 

where f G  i s  t h e  fugac i ty  of t h e  s o l u t e  molecule i n  t h e  gas  phase,  

By equat ing  Equations 2.1-4 and 2.1-8 one ob ta ins  

a 

-h -S 
g a  ga 

In ($) = k T  + - kT + lnkT 

The mole f r a c t i o n  is  given by 

(2.1-9) 

pa 
"a = C 

j p j  

where pi i s  t h e  number of molecules of spec ie s  pe r  u n i t  volume 

-h -8 
g a  ga 

= - + - + ln(kT2 p . )  
kT kT J a j 

or, i n  terms of  p a r t i a l  molal  q u a n t i t i e s ,  

where n = number of moles i n  volume V. 

From c lass ica l  thermodynamics , we have 

j j 

(2.1- l o )  

(2  . l -11)  

fa 
YaKa 

- =  
X a 

5 



where 7, i s  the a c t i v i t y  coefSPefent ~f s o l u t e  a in t h e  s o l u t i o n  and K 

is the Henry’s law cons tan t  defined a s  

l i rn  f = K x a a a  

x + o  a 

x = o  
j 
j f . l  

Thus, Equation 2.1-10 can now be w r i t t e n  as 

Evaluat ion of -h g_. . 
- 

From Equation 2.1-5 w e  have 

(2.1-12) 

By applying t h e  t rea tment  of R e i s s  e t  a l .  (3 )  t o  a mixture  conta in ing  m 

so lven t  components and assuming t h a t  t h e  concent ra t ion  of s o l u t e  i s  very 

low S Q  t h a t  u = 0, i t  can be shown t h a t  

(2.1-13) 

where G . ( r )  i s  t h e  r a d i a l  d i s t r i b u t i o n  func t ion  f o r  so lvent  component j 

around a s o l u t e  molecule a, when the two are  i n  c o n t a c t ,  The q u a n t i t y  on 

t h e  r i g h t  hand s i d e  o f  Equation 2.1-13 can be shown t o  be equal  t o  t h e  

work of in t roducing  a cav i ty  of  r ad ius  -f i n t o  t h e  so lven t ,  which we 

t e r m  w(aa,/2). 

a 

6 



. 

Reiss  e t  a l .  ( 4 )  have obtained an express ion  f o r  W(a / 2 )  a 
from p r o b a b i l i t y  cons idera t ions  based on t h e  r e l a t i o n  between the  

p r o b a b i l i t y  of a conf igu ra t ion  and t h e  work of c r e a t i n g  t h a t  con- 

f i g u r a t i o n  ( 5 ) .  Thus 

3 

W(a / 2 )  = -kTln 
j =1 a 

f o r  a a / 2 <  0 (2.1-14) 

From thermodynamic cons idera t ions ,  f o r  very l a r g e  r ,  t h e  f o l -  

lowing expression f o r  t h e  work of  formation of  a cav i ty  of r a d i u s  r can 

be w r i t t e n  ( 2 , 3 )  

4 3  
3 W ( r )  = - m p + 4 m  oo (2.1-15) 

where p i s  t h e  p re s su re ,  0 is t h e  i n t e r f a c i a l  t ens ion  between t h e  f l u i d  

and a pe r fec t  r i g i d  w a l l ,  and 6 i s  a d i s t a n c e  of  t h e  o rde r  of  t h e  th ick-  

ness  of t h e  inhomogeneous layer  near t h e  i n t e r f a c e  and accounts fo r  t h e  

cu rva tu re  dependence of t he  sur face  work. 

t i o n  of dens i ty  and temperature ,  not dependent on r .  

0 

f ( p . , T )  i s  an  a r b i t r a r y  func- 
J 

For r pos i tve  but smal l ,  W(r) may be expanded i n  a Taylor 

s e r i e s  about r = O  t.o give  

r > O  (2.1- 16) 3 
W(r) = W(0) + rW'(0) + $ r2W"(0) + K3r 

Since W ( r )  and i t s  f i r s t  two d e r i v a t i v e s  have been shown (2 )  

t o  be continuous a t  r = 0, t h e  f i r s t  t h r e e  c o e f f i c i e n t s  of t h e  s e r i e s  

can b e  evaluated by comparison w i t h  Equation 2.1-14. The c o e f f i c i e n t  

of  the t e r m  i n  r3 can be obta ined  by comparison wi th  Equation 2.1-15. 

7 



Thus 

4 

2 

( 2 . 1 -  17) 

3 

where 

1 
m 1 4, =z 7-r 2 p . ( a . )  

j =1 J J  

Evaluat ion of is : 
From Equation 2.1-6 w e  have 

-s g can  be decomposed as follows: a 

-s -s -S -S 
ga = ea - Tsa + pva 

S (r)gaj(rY~h=aajYfs)4m 2 dr 

(2.1- 18) 

-s -s where e , v 

a s s o c i a t e d  wi th  t h e  charging of t h e  s o f t  p o t e n t i a l .  

and ss a r e ,  r e spec t ive ly ,  i n t e r n a l  energy, volume and entropy a a  a 

-S A t  atmospheric pressure  t h e  t e r m  i n  pv can be shown t o  be small  a 
and can  be neglec ted  i n  comparison t o  -S e (6 ,7 ) .  The entropy of charging a 
-S s i s  nega t ive  because t h e  system becomes more organized upon charging.  a 
Since  it i s  d i f f i c u l t  t o  make a q u a n t i t a t i v e  estimate of t h i s  q u a n t i t y ,  

i t  w i l l  be neglec ted  as a f i r s tapproximat ion .  The quan t i ty  -S e can be a 
ob ta ined  as fol lows:  Consider a s h e l l  of t 'hickness d r  a t  a d i s t a n c e  r 

from t h e  s o l u t e  molecule.  The number of p a r t i c l e s  of so lvent  component 

j i n  t h i s  s h e l l  i s  given by 

8 



I f  we neglec t  t h e  volume and ~ Q K P Q F Y  terms we have 

(2.1- 19) 

-8 Evaluat ion of g by t h e  above equacion r e q u i r e s  a knowledge of 

As a 

a 
g a j ( r ) ,  which i s  d i f f i c u l t  t o  ob ta in  f o r  t h e  systems s tud ied  here .  

f i r s t  approximation i t  w i l l  be assumed t h a t  so lvent  p a r t i c l e s  a r e  uni- 

formly d i s t r i b u t e d  around t h e  so lu te  molecule f o r  r l a r g e r  than  a 

i . e . ,  

aj ' 

03 Thus, 

(2.1-20) 

I n t e r a c t i o n  Energy 

The i n t e r a c t i o n  energy of t h e  nonpolar s o l u t e  molecule i n  an 

aqueous potassium hydroxide so lu t ion  c o n s i s t s  of nonpolar and e l e c t r o -  

s t a t i c  i n t e r a c t i o n s .  It i s  assumed t h a t  for t h e  systems s tud ied  he re  

t h e  nonpolar i n t e r a c t i o n s  a r e  adequately represented  by Lennard-Jones 

6-12 p o t e n t i a l ,  

(2 0 1-21) 

The fol lowing r e l a t i o n s  a r e  assumed between pure component Lennard-Jones 

parameters  and those  i n  a mixture:  

9 



‘ 1  

= (CaEj) 4 (2.1-22) 

The only e l e c t r o s t a t i c  i n t e r a c t i o n  which must be considered i s  the  induced 

i n t e r a c t i o n  between a nonpolar s o l u t e  molecule and t h e  permanent d ipo le  

of a water mp>lecule, This  i n t e r a c t i o n ,  a f t e r  S t a t i s t i c a l  averaging over 

a l l  poss ib l e  o r i e n t a t i o n s ,  i s  
“I 

(2.1-23) 

where p1 i s  t h e  permanent d ipo le  moment of water molecule, and p 

t h e  p o l a r i z a b i l i t y  of t h e  s o l u t e  molecule, It may be noted t h a t ,  s i n c e  

ions  have been assumed t o  b e  uniformly d i s t r i b u t e d  around t h e  n e u t r a l  

i s  a 

s o l u t e  molecule, t h e r e  i s  a sphe r i ca l ly  symmetrical charge d i s t r i b u t i o n  

around t h e  former molecule. The f i e l d  i n t e n s i t y  due t o  such a charge 

d i s t r i b u t i o n  a t  any poin t  i n  t h e  neu t r a l  molecule i s  ze ro .  For t h i s  

r eason  t h e r e  i s  no c o n t r i b u t i o n  due t o  t h e  ion-induced d i p o l e  i n t e r -  

a c t i o n .  

Thus, t h e  p o t e n t i a l  energy of  i n t e r a c t i o n  of t h e  s o l u t e  

molecule i s  

S u b s t i t u t i n g  Equation 2.1-24 i n t a  Equation 2.1-20 g ives  

(2.1-24) 

(2.1-25) 

10 



--8 
A t a  = B  e can be w r i t t e n  as: 

aj a j 9  n 

I -  

- 

(2.1-26) 

2 .2  Experimental Procedures 

The experimental  method used f o r  t h e  gas  s o l u b i l i t y  measure- 

ments has been previous ly  descr ibed i n  d e t a i l  by Gubbins, Carden and 

Walker (10) .  It involved removal of d i s so lved  gas  from a 20 m l  sample 

of  t h e  s a t u r a t e d  s o l u t i o n  by s t r ipp ing  wi th  c a r r i e r  gas ,  followed by 

gas  chromatographic a n a l y s i s .  

I n  determining t h e  s o l u b i l i t i e s  of  s u l f u r  hexaf luor ide  and 

neopentane i n  s o l u t i o n s  conta in ing  31.6 w t  % o r  more potassium hydroxide 

t h e  amount of d i sso lved  gas was found t o  be too small  t o  o b t a i n  accu ra t e  

r e s u l t s  by the  above method. For these  systems t h e  following modified 

procedure w a s  used. The s t r i p p e d  gas, a f t e r  passing through drying 

columns, was d i r e c t e d  t o  a concentrator  ( a  tube  immersed i n  a l i q u i d  

n i t r o g e n  ba th )  where i t  was condensed from t h e  c a r r i e r  gas .  The gas 

stream from t h e  concent ra tor  was brought back t o  chromatograph temp- 

e r a t u r e  by passing through a s t a i n l e s s - s t e e l  c o i l  immersed i n  a water 

b a t h  and i t  w a s  then  r e tu rned  to  the chromatograph. 

The fol lowing procedure was used t o  make a measurement: A 

sample of t h e  KOH s o l u t i o n ,  s a tu ra t ed  with t h e  s o l u t e  gas ,  was with- 

drawn i n  a sy r inge  and i n j e c t e d  in to  t h e  s t r i p p i n g  c e l l ,  t h e  concen- 

t r a t o r  having been previously cooled t o  l i q u i d  n i t rogen  temperature.  

A t  t h e  end of t h e  s t r i p p i n g  process (usua l ly  5-10 minutes) t h e  l i q u i d  

n i t r o g e n  ba th  w a s  removed, whereupon t h e  condensed s o l u t e  gas evaporated 

r a p i d l y  and passed through the  Chromatograph t o  g ive  a sharp  peak. 

11 



2 " 3  ExperimentalResults 

Each experimental  va lue  i s  t h e  mean of four  o r  more r e p l i c a t e  

measurements. 

mately 1% a t  t h e  lowest KOH concent ra t ions  ( s o l u t e  mole f r a c t i o n s  i n  the  

r eg ion  of 10 ) t o  about 5% f o r  the  most concentrated KOH s o l u t i o n s  (10 

t o  mole f r a c t i o n  s o l u t e ) .  The experimental  s o l u b i l i t y  va lues  i n  

water i n  Table 2.3-1 a r e  compared with va lues  from t h e  l i t e r a t u r e ;  i n  

most cases  agreement between experimental  and l i t e r a t u r e  va lues  i s  be t -  

t e r  t han  2%. 

The p rec i s ion  of the  d a t a  r epor t ed  he re  ranged from approxi- 

-5  -7 

No previous s t u d i e s  of the s o l u b i l i t y  i n  potassium hydroxide 

s o l u t i o n s  of helium, argon,  s u l f u r ,  hexaf luor ide ,  methane and neopentane 

seem t o  have been r e p o r t e d .  However, s e v e r a l  s t u d i e s  have been made of 

t h e  s o l u b i l i t y  of oxygen and hydrogen. Geffcken (11) measured s o l u b i l i -  

t i e s  of  oxygen and hydrogen a t  15 

KOH, and Knaster and Apel'baum (12)  made similar measurements a t  2 1  , 

4 5 O  and 75OC f o r  KOH concent ra t ions  up t o  10 M. 

have measured s o l u b i l i t i e s  of hydrogen f o r  KOH concent ra t ions  up t o  1OM 

a t  3OoC, while  Davis e t  a l ,  (14) r ecen t ly  r epor t ed  oxygen s o l u b i l i t i e s  

a t  0 , 25' and 60' f o r  KOH concent ra t ions  t o  1 2  M, 

0 and 25OC i n  s o l u t i o n s  0 t o  1.4M i n  

0 

Ruetschi  and Amlie (13) 

0 

To f a c i l i t a t e  t h e  comparison of t h e  r e s u l t s  of t h e  present  

i n v e s t i g a t i o n  wi th  those  of previous workers and wi th  t h e o r e t i c a l  r e l a -  

t i o n s h i p s ,  t h e  da t a  f o r  oxygen and hydrogen a t  25 C have been converted 

t o  an  a c t i v i t y  c o e f f i c i e n t  b a s i s  and p l o t t e d  i n  F igures  2 . 3 - 1  and 2,3-2 

i n  t h e  form of a semi- logari thmic p lo t .  This type of  p l o t  has  been used 

s i n c e  most e l e c t r o s t a t i c  t h e o r i e s  of s a l t i n g - o u t  p r e d i c t  a l i n e a r  r e l a -  

t i o n s h i p  between t h e  logari thm of  a c t i v i t y  c o e f f i c i e n t  and t h e  molar 

0 



-. 
i -  

TABLE 2.3-1 

SOLUBILITY OF VARIOUS GASES I N  WATER 
( g . m o l e / l i t e r )  x 10 3 

S o l u t e  25OC 40°C 
Gas Expt . L i t  0 % D i f f .  Expt L i t .  % Diff .  Ref - 
O2 1.246 1.263 -1.34 1 049 1.030 +1.84 15 

H2 0.792 0.784 +1.01 0.713 0.733 -2.73 15 

He 0.372 0.378 -1.59 0.371 0.372 -0.27 16,17 

16,1a A r  1.400 1.374 +1.89 1.102 1.071 +2.89 

SF6 0.223 0.225 -0.89 0.151 18 

15 

- - 
1.375 1.341 +2 - 6  1 046 1.056 -0.95 

0.561 0.378 neoC H - - 
cH4 

- - 
5 12 

- 

S o l u t e  
Gas 

O2 

H2 

H e  

A r  

SF6 

cH4 

neoC H 5 12 

6OoC 8OoC 
Exp t . L i t .  % Diff. Expt L i t  0 % Dfff. 
0.875 0.869 M.69 0.775 0.786 -1.4 

- 0.712 0.714 -0.28 0 a 714 - 

0.391 0.392 -0.25 0.430 - - 
0.919 0.913 - 0 ., 820 - 0 

0.120 - - 0.103 - - 

0.884 0.872 +1.37 0.779 0 789 - 1 . 2 7  

0.264 - - 0.234 - - 

Ref a 

15 
- 

15 

16,17 

16,17 

18 

15 

L i t e r a t u r e  va lue  (Ref.  15) of  s o l u b i l i t y  of 0" 

L i t e r a t u r e  v a l u e  (Ref. 15) of s o l u b i l i t y  of H 

i n  water a t  100°C = 0.758 x 10 -3  

i n  water a t  100 0 6 = 0.714 x 10 -3 

2 g .mole/ l i t e r  

2 g . m o l e / l i t e r  

13 



concen t r a t ion  of e l e e t r o l y t e ,  a t  l ea s t  f o r  moderate e l e e t r o l y t e  emcen-  

t r a t i o n s .  The equat ions f o r  c a l c u l a t i n g  a c t i v i t y  c o e f f i c i e n t s  a r e  given 

i n  t h e  fol lowing paragraphs 

Consider a nonideal  l i qu id  s o l u t i o n  i n  con tac t  with a vapor 

phase.  For any esmponent i we can w r i t e  

L 
i f G  = f i (2 .3-1)  

where s u p e r s e r i p t s  G and L r e f e r  t o  t h e  gas and l i q u i d  phases and f is 

t h e  fugac i ty  of spec ie s  i. Subscr ip ts  1, 2 and 3 denote  water ,  SolUte 

g a s ,  and potassium hydroxide,  r e spec t ive ly .  In  t h i s  work t h e  pressures  

a r e  s u f f i c i e n t l y  low so t h a t  we can w r i t e  

i 

G 
f 2  = pY2 ( 2 . 3 - 2 )  

where P i s  t h e  t o t a l  p re s su re  and y2 i s  t h e  mole f r a c t i o n  of s o l u t e  gas 

i n  t h e  gas  phase. To g e t  t h e  fugac i ty  i n  t h e  l i q u i d  phase we must f i r s t  

s p e c i f y  a s tandard  s t a t e  and we choose f o r  t h i s  a hypo the t i ca l  l i q u i d  

s t a t e  i n  which t h e  s o l u t e  is a t  i n f i n i t e  d i l u t i o n  i n  t h e  so lven t ,  f . e . ,  

0 0 8  f 2  = K  x 2 2  L i m  ( 2 , 3 - 3 )  

x2 @ 0 

x = o  
3 

0 0 where K i s  Henry's Law cons tan t  f o r  t h e  gas i n  pure water ,  f 2  

f u g a c i t y  of t h e  d i s so lved  gas ,  and x i s  t h e  l i q u i d  phase mole f r a c t i o n  2 

i n  t h e  water ,  The fugac i ty  o f  t h e  g a s  d i sso lved  i n  t h e  e l e c t r o l y t e  

s o l u t i o n ,  using t h i s  s tandard  s t a t e ,  i s  

i s  the  
2 

0 

L o  f 2 = K y x  2 2 2  (2 e 3-4) 

14 



. 

where y and x are  t h e  a c t i v i t y  cDeff ic ienc and t h e  mole fraetisrl  i n  t h e  

e l e c t r o l y t e  solutioa. For t h e  systems s t u d i e d  he re  the v a l w s  of x are  

low enough s o  tha t  Henry's Law should be a good approximation. The term 

(J$y2) i n  Equation 2 . 3 - 4  should then be a cons t an t ,  dependent ozlly OF, 

temperature  and e l e c t r o l y t e  concent ra t ion .  Combining Equations 2 . 3 - 2  and 

2 2 

2 

2 . 3 - 4  r e s u l t s  i n  

sr2 = KiY2X2 ( 2 . 3 , - 5 )  

Since t h e  p re s su re  fxivolved i s  about oce atmosphere, t h e  gas phase fugac i ty  

can be  rep laced  by p a r t i a l  pressure .  

S o l u b i l i t i e s  were determined a t  a t o t a l  p ressure  of one atmos- 

* * 
i s  t h e  vapor pressure  of water i n  e q u i l i -  1 phere,  i . e . ,  pi = P-pl, where p 

brium with t h e  e l e c t r o l y t e  s o l u t i o n ,  and these  were r e c a l c u l a t e d  to a 

b a s i s  o f  1 a t m  of s o l u t e  gas by assuming Henry's Law t o  be a p p l i c a b l e .  

An equat ion  s imilar  t o  2 . 3 - 5  can be w r i t t e n  f o r  water and t h e  two can be  

( 2 . 3 - 6 )  

0 where x (1 )  and x (1) r e f e r  t o  t h e  mole f r a c t i o n  of s o l u t e  gas in water 

and KOH s o l u t i o n  r e s p e c t i v e l y  when the  s o l u t e  p a r t i a l  pressure  i s  1 

atmosphere. I n  de r iv ing  t h i s  equation w e  no te  t h a t  y i s  un i ty  because 

Henry 's  Law i s  assumed t o  apply.  

2 2 

0 

2 

Act iv i ty  c o e f f i c i e n t s  ca l cu la t ed  from Equation 2 .3 -6  a r e  pre-  

s en ted  i n  Table 2 . 3 - 2  

15 



TABLE 2.3-2 

ACTIVITY COEFFICIENTS OF SOLUTE GASES IN KOH SOLU'Y:T3W.' 
0 

y2 = x /x 2 2  

KOH 
concent ra t ion  
W t .  % g.mole 

Act  Fvity Coeff ic ien t  of Oxygen 

KOH l i t e r  25'C 4OoG 6OoC 8OoC l0O0C 

0.00 0.00 1,000 1.000 10 000 l o  000 1.000 
5.00 0.92 1.531 1 535 1.445 1.345 - 

13.50 2.67 3.060 2 A70 2 580 2.500 I 

23.00 5.0 8.150 7.240 6 300 5 730 - 
31.61 7.35 20.06 17.80 15.60 14 e 35 - 
40.70 10.12 40 a 06 53.25 4 5 . 3 0  40.12 10.12 
50.30 13.60 - 186 20 I - - 

50.65 13.75 229.5 162.0 142.8 13.75 

56.50 16.20 16.2 

- 
- - - - 

KOH 
Concentrat ion Act iv i ty  C o e f f i c i e n t  of Hydrqgen 
W t .  % g.rnole 

KOH l i t e r  25'C 4OoC 6OoC 80°C 100% 

0.00 0.00 1.000 1.000 1.000 1.000 1.000 

5.00 0.92 1.361 1.275 1.319 1.325 - 
9.00 1.70 1.710 1.640 1.735 1.810 - 

19.50 4.12 3.500 3.290 3.580 3.647 

32.40 7.6 8.700 9.16 9.040 - - 
34.50 8 .17  10.11 - - - - 

- - - 38.00 9 .27  15.25 

41.40 10.37 20.06 20.40 21.38 21.83 21 .87  

52.40 14.35 72.00 7 3  e 70 76.7 75.4 82.6 
- - - - 56.50 16.20 107.5 
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TABLE 2 .3-2  (Concinued) 

KOH 

~ . 
I 

Concentra t i o n  Act iv i ty  C o e f f i c i e n t  c7f Helium 
W t .  % p.mole 

KOH l t t e r  2 5OC 40°C 6OoC 8OoC 

0.00 0.00 1 d 000 1 0 000 'I. 000 1.000 

5.00 0.92 1.385 1 360 1 385 1 A40 

9.00 1.70 1.745 1.725 1.955 1.885 

19.00 3.99 3.570 3.710 3.590 3.770 

32.40 7.60 13 10 12.65 12.95 13.70 

KOH 
Colic e n t  ra t ion  Activity Coeff ic ien t  o f  S u l f u r  Hexafluoride 
W t .  % p.rnole 

KOH l i t e r  25OC 4OoC 60°C 8OoC 

0.00 0.00 1.000 1.000 1,000 1.000 

5.00 0.92 2.150 1.968 1.880 1.730 

13.50 2.67 7.441 6.530 5.881 4.910 

23.00 5.00 43.20 31.90 26.60 22.61 

31.6 7.35 234.0 145.5 112.0 84.20 

KOH 
Concentrat  ion  Act iv i ty  Coeff ic ien t  of Argon 
W t .  % g.mole 

KOH l i t e r  25OC 40°C 6OoC 8OoC - 

1 -  

0.00 

5.00 

13.50 

23.0 

31.61 

32.40 

36.60 

40.70 

41.40 

0.00 

0.92 

2.67 

5.00 
-, 

7.60 
- 
- 

10.37 

1.000 

1.557 

3.180 

7.681 
- 

22.80 
- 
- 

70.31 

1.000 

1.480 

2.810 

6.925 

- 
31.60 

- 
58.20 

1 * 000 

1.395 

2.590 

5.851 

14 480 

- 
46 10 

1.000 

1.320 

2.481 

5.570 

13.370 

I 

30.02 

1 7  



TABLE 2.3-2 (Continued) 

KOH 
Concentrat ion Activity Coefficient of Methane 
Wt. % g.mole 

KOH liter 25'C 4OoC 60°@ 800c 
0.00 1.000 1.000 1.000 1.000 1.000 
5.61 1.03 1.658 1 e 505 1,480 1.392 
13.90 2.77 3.640 3 140 2.831 2.500 
23.50 5.13 10.21 8.081 6,901 6.220 
31.61 7.35 26.70 19.80 16.65 14.38 
40.70 10.12 100.00 63.40 49.60 38.02 

KOH 
Concentration Activity Coefficient of Neo-Pentane 
Wt, % p.mole 

KOH liter 25OC 4OoC 6OoC 800c 
0.00 0.00 1.000 1.000 1.000 1.000 
5.61 1.03 2.180 2.170 2.64 1.935 
13.90 2.77 8.910 7.871 6.80 5.940 
23.50 5.13 56.10 42 .OO 33.00 28.60 
31.61 7.35 288 a 0 219.5 158.0 137 5 
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G e f f c k e n  (11) 

0 4 8 12 

KO3 C o n c e n t r a t i o n ,  g . m o l e / l i t e r  

16 

F i g u r e  2 . 3 - 1  A c t i v i t y  C o e f f i c i e n t s  o f  Xydrogen a t  2 5  0 C 
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Figl l re  1 . 3 - 2 .  A c t i v i t y  C o e f f i c i e n t s  of rxl’gen a t  25 0 C .  
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Figure  7.3-1 shows t h a t  hydrogen s o l u b i l i t i e s  csbtaintd III t h i s  

0 
work a t  25 C a r e  i? f a i r l y  gJJd agreemenc wi th  those  ai'  the^ workers. 

Agreement wi th  t h c  r e s u l t s  of Geffcken (11) i s  withis: 2% and with those  

of Knaster and Apcl'baum (12) i s  within 10%. For d i l u t e  KOIri s u l u t i o n s ,  

t h e  r epor t ed  r e s u l t s  ag ree  w i t h i n  3% with  those  of Ruetschi  and Amlie ( 1 3 ) ,  

However, the va lues  of a c t i v i t y  c o e f f i c i e n t s  ob ta ined  by then  a r e  cons is -  

t e n t l y  lower than  t h o s e  r epor t ed  here, a r d  t h e s e  d iscrepancies  a r e  as 

l a r g e  as 10% f o r  the Figher  k'l)?? cozcez t ra t ions .  A t  temperatures of 40 

and 60 C,  t h e  disagreement between the  r epor t ed  r e s u l t s  and rhose of  

Knaster and Apel'baum (12)  is a l s o  wi th in  10%. 

0 

0 
Figure  2 . 3 - 2  r e v e a l s  t h a t  t h e  25 C oxygen s o l u b i l i t y  va lues  

obta ined  i n  t h i s  work agree wi th in  2% and 5% with those  obta iqed  by 

Geffcken (11) ar.d Davis -- e t  a l .  (14), r e s p e c t i v e l y .  

r e s u l t s  of t h e s e  i n v e s t i g a t o r s  a r e  d i s t r i b u t e d  on both s i d e s  of t h e  s o l i d  

l i n e  of F igure  2.3-2. ?he agreement wi th  t h e  r e s u l t s  of Knaster and 

The experimental  

Apel'baum (12)  i s  q u i t e  g m d  a t  very low and very high concent ra t ions ;  

however, a t  in te rmedia te  concentrat ions the  disagreement i s  q u i t e  

marked, t he  r e s u l t s  of Knaster and Apel'baum f a l l i n g  cens i scec t ly  below 

t h e  s o l i d  l i n e .  A t  remperabures other  than  25'C, t h e  va lues  repor ted  f o r  

oxygen by va r ious  workers d i f f e r  appreciably,  t h e  disagreement b;ing q u i t e  

pronounced even a t  low potassium hydroxide c o ~ x e ~ t r a t i o n s .  F a r  example, 

t h e  s o l u b i l i t y  va lue  r e p r r e d  b y  Davis e t  a l .  (14; iz p u r e  w a t e r  a t  60°C 

d i f f e r s  by about 20% from t h e  cu r ren t ly  accepted l i t e r a t u r e  va lue  (15) acd 

t h i s  sugges ts  t h a t  d i sc repanc ie s  may be present  a t  o the r  conc tn t r a t ions  

a l s o .  

and Apel'baum (12)  a t  40 and 60°C is o f  t k e  barn@ ger,eral  Eat-ure a s  a t  2 5  C. 

The agreemept of  t he  r e s u l t s  reported: here wi th  t h o s e  af K r i a s K e r  

0 

2 1  



2.4 Test  of Scaled P a r t i c l e  Thenry 

The s c a l e d  p a r t i c l e  theory was used t o  c a l c u l a t e  t h e o r e t i c a l  

va lues  f o r  t h e  solubility Qf various gases  i n  potassium hydroxide so lu-  

t i o n s .  The fol lowing equat ions developed e a r l i e r  a r e  used t o  make t h e s e  

c a l c u l a t i o n s  

( 2.1- 14) 

( 2  .l- 19)  

(2 .1-26)  

-1, 

E v a l u a t h 2  of t h e  f r e e  er.ergy of making t h e  c a v i t y ,  g" r e q u i r e s  
CI 

a knowledge of hard sphere diameters and dens i ty  of t h e  so lvent  (potassium 

hydroxide s o l u t i o n s ) .  The d e n s i t i e s  of potassium hydroxide s o l u t i o n s  were 

ob ta ined  from t h e  l i t e r a t u r e  ( 8 , 9 ) .  The hard sphere diameters  of t h e  

v a r i o u s  spec ie s  were computed a s  shown below. 

C a l c u l a t i o n  of (T f o r  water 

The va lue  of o f ~ r  water was ob ta i sed  by P i e r o t t i  ( 7 )  by t h e  

i s  r e l a t e d  t o  t h e  p o l a r i z a b i l i t y  of t h e  
-S 

a fo l lowing  procedure.  

s o l u t e  molecules (Equat ion 2n1-%; it w i l l  be shown l a t e r  t h a t  the first 

t e r m  of t h i s  equat ion  is  a l s o  r e l a t e d  t o  p o l a r i z a b i l i t y ) ,  a p l o t  of 

exper imenta l  va lues  of l n ( y  K ) a g a m s t  t h e  p s l a r i z a b i l i t y ,  

Sfnee g 

Of 
P(L9 n a  
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s p h e r i c a l  scplutes (the r a r e  g a s e s )  should be a smooth curve.  F igure  

2,4-1  shows such a p l o t  f o r  t h e  s o l u b i l i t y  of  r a r e  gases  i n  water .  It 

was shown by P i e r a t t i  ( 6 )  that  t h e  ex t r apo la t ion  of such a curve t o  

zero p o l a r i z a b i l i t y  w a s  equiva len t  t o  ob ta in ing  t h e  s o l u b i l i t y  of a 

hard sphere of  diameter 2.58 A ., T h i s  w a s  expressed as: 
0 

L i m  (2.4-1) 

Pa + 0 

0 -+ 2.58 A' a 
where (-.-K ) 

having a hard sphere diameter o f  2.58 A a Thus G fcjr F L K V  was c n l -  

c u l a t e d  by means of Equation 2.4-1 using a va lue  of 2.58 A 

and t h e  experimental  va lue  of (a/ K 1 a t  25  C ,  This va lue  i s  shown a a  

i n  Table 2.4-1. 

procedure w i l l  vary somewhat wi th  terncerature. However, i n i t i a l l y  

r e s u l t s  w i l l  be c a l c u l a t e d  us1r.g 1. cons tan t  0 c a l c u l a t e d  above ( 2 5  C ) ,  

0 i s  t h e  Henry's Law constant  f o r  a hypashe t i ca l  $.slur: 
I* c. 

0 

0 fo r  0- 
\J 

0 0 

It may b e  poin ted  out  tha t  0 c a l c u l a t e d  by t h e  above 

0 

asld t h e  temperature  dependencr - ci w i l l  be d iscussed  l a t e r .  

cl f o r  Ions 

This  parameter i s  not ava i l ab le  i n  t h e  l i t e r a t u r e .  It seems 

a p p r o p r i a t e ,  however, t o  take  CT a s  twice  t h e  va lue  of c r y s t a l  r ad ius  of 

t h e  ion .  Since c r y s t a l  r a d i i  of ions a r e  d i f f i c u l t  t o  determine, t h e r e  

is cons iderable  disagreement between t h e  va lues  r epor t ed  by va r ious  

workers.  For t h i s  reason  CT va lues  f o r  K and OH- were obtained a s  f o l -  

lows: Equation 2.4-1 w a s  w r i t t e n  for  10 and 20% KOH s o l u t i o n  a t  25 C 

and then ,  by u s i n g  ti 

+ 
0 

as ca lcu la ted  e a r l i e r  and 0 a s  2.58 A', t hese  
H2O a 
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two equat ions wers solved simultaneously t o  o b t a i n  0 f o r  K+ and OH-. It 

may be r?oted t h a t  these  equat ions  were not solved i n  a r igo rous  manner but  

by a t r i a l  and e r r o r  procedure using f o r  ions i n  t h e  f i r s t  t r i a l  a s  

twice t h e  va lue  of c r y s t a l  r a d i i .  Ihe  va lues  obtaimed a r e  l i s t e d  i n  Table 

2 ,4-1.  A s  i n  t h e  case  of  water,  the i o n i c  diameter 0 obta ined  by t h e  

above procedure v a r i e s  wi th  temperature,  These v a r i a t i o n s  w i l l  be  d i s -  

cussed l a t e r .  The va lues  of  - f o r  ions a s  ob ta ined  above a r e  q u i t e  d i f -  

f e r e n t  from hydra t ion  r a d r i ,  'n a d d i t i m  t h e  va lue  of - f o r  t h e  hydroxyl 

ion ,  1.30 A 

mobi l i t y  measurements. The abnormally low va lue  of t h e  r a d i u s  c a l c u l a t e d  

CT 

2 
0- 
2 

0 i s  much l a r g e r  than ~ <- vairre ~ . s b  A' ob ta ined  from ioaiic 

from i o n i c  mobi l i ty  f o r  t he  hydroxyl ion i s  due tq t r  : r e r i a l  moGFlity 

("proton-jump") mechanism o f  t h e s e  ions .  This mechanism w a s  d i scussed  

by Bernal and Fowler (19) .  

0 f o r  So lu te  Gases 

The va lues  of 0- f o r  solu:; dses  were obta ined  

( 2 2 )  and were t h e  same  as used b . - t . r o t t i  ( 6 ) .  They Rat 

from re fe rence  

been c a l c u l a t e '  

from second v i r i a l  c o e f f i c i e n v -  and a r e  t abu la t ed  i n  Table 2 . 4 - 2 .  

Calcu la t ion  of t he  t r e e  energy of in t roducing  t h e  s o l u t e  mole- 

-8 by means of Equation 2.1-26 r e q u i r e s  a know- c u l e  i n t o  the  c a v i t y ,  

ledge of  the  energy parameters ,  d k  f o r  a l l  t h e  spec ie s  involved. 

c / k  €or  Water 

ga  > 

N o  s i n g l e  b e s t  va lue  o f  Efk f o r  water cam be found i n  t h e  l i t-  

e r a t u r e ,  Values ranging from 167 R t o  775 K have been r e p o r t e d  (61, but  

none of these  seem c o n s i s t e n t .  P i e r o t t i  ( 6 )  obtained t h e  va lue  of  c/k 

f o r  water from t h e  s o l u b i l i t y  of var ious gases  i n  water ,  us ing  Equation 

0 0 
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TABLE 2.4-1 

PROPERTIES AND PARAMETERS FOR SOLVENT SPECIES 

Solvent Parameter P o l a r i z a b i l i t y  Par a m e  t er Dipole Moment 

Species  0, A' p x 10 cm. K p ,  Debye 
24 3 0 

d k ,  

2. 75(a) - 85.3 (b )  1.84 

K+ 2.60 ( b )  0.835") 239(b) - 
137.2 1.83 OH- 3.30 - (b)  (b)  (b)  

(a) .  Reference 7 ( b )  Calcula ted  i n  t h i s  work 

( c )  Reference 2 0  

TABLE 2.4-2 

PROPERTIES AND PARAMETERS FOR THE SOLUTES 

Par ame t er Par ame t er Polar  i i j t b  i l i i j y  
S o l u t e  (5, A' dk,'K p x 10 e m .  

Hard Sphere 2.58 0 0 

H e  2.63 6.03 0 e 204 

2.87 29.2 0.802 H2 

O2 

eH4 

A r  3.40 122 1.63 

3.46 118 1.57 

3.82 137 2.70 

SF6 5.51 200.9 6.21(a) 

neo-C H 7.44 232 5 (b )  10.36(b) 5 12 

( a )  Reference 20 (b)  Reference 21  

A l l  o t h e r  parameters have been obta ined  from 
Reference 23 
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b 

2.1-14. Since w e  ~ I - E  using t h e  same genera l  theory as P i e r o t t i ,  t he  

same value ofE/k for water w i l l  be used. This  va lue  i s  shown i n  Table 

2.4-1. 

Elk €or Ions 

The parameter Elk f o r  ions does not seem t o  have been r epor t ed  

i n  t h e  l i t e r a t u r e .  However, i t  i s  poss ib l e  t o  e s t ima te  t h i s  parameter 

from va r ious  t h e o r i e s  of d i spers ion  i n t e r a c t i o n s  (24 ,25) .  The t h e o r i e s  

of  London and Mavroyazrnia;-~rteptiz,n a r e  commonly used f o r  t h i s  purpose,  

According t o  t h e  London t I i f3PY 

(2 .4 -2)  

d where u i s  t h e  d i spe r s ion  i n t e r a c t i o n  between t h e  s o l u t e  molecule and 

t h e  so lven t  spec ie s  j .  1 and I .  a r e  i o n i z a t i o n  p o t e n t i a l s  of  s o l u t e  

and so lven t  spec ie s ,  r e s p e c t i v e l y .  According t o  t h e  Mavroyannis-Stephen 

theory 

aj 

a J 

(2 .4 -3)  

where and p a r e  r e s p e c t i v e l y  the p o l a r i z a b i l i t i e s  of spec ie s  a and j 

i n  t h e  mixture .  Z i s  t h e  t o t a l  number of  e l e c t r o n s  i n  a p a r t i c l e ,  a i s  

t h e  Bohr r a d i u s  and i s  equal  t o  0.5292 A , and e i s  e l e c t r o n i c  charge.  

The d i s p e r s i o n  i n t e r a c t i o n  from the Lennard-Jones 6-12 p o t e n t i a l  i s  

a j 

0 
0 
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On comparing Equati.jns 2.4-2 and 2.4-b, a d  Equatir>as 2 . 4 - 3  and 2.4-4 ,  we 

ob ta in  

I I. 
6 3 aJ 

j 
(London) (2 .4 -5 )  

and 

6 4€ .0 a] aj 
3 
2 

= -  (Mavroyannis -Stephen) 

(2 .4 -6)  

For l i k e - p a i r  i n t e r a c t i o n s ,  t h e s e  equat ions became 

( Lo ndan) ( 2 . 4 - 7 )  6 3 2  
4 4€0 = -  p 1 

6 3 % 2 3 / z z %  4€0 = -  4 aoe pa  (Mavroyannis - Stephen) (2 .4 -8 )  

To compare t h e  v a l i d i t y  of t h e  above d i s p e r s i o n  t h e o r i e s ,  Equations 2 .4 -7  

and 2.4-8 were used t o  c a l c u l a t e  d k  parameter f o r  molecules such a s  0 

A r ,  e t c .  London's theory was found t o  y i e l d  va lues  which were much smal- 

l e r  t han  those  commonly r epor t ed  i n  t h e  l i t e r a t u r e  ( 2 2 ) .  On t h e  o the r  

hand t h e  va lues  c a l c u l a t e d  by the Mavroyannis-Stephen theory were i n  very 

good agreement with l i t e r a t u r e  va lues .  According t o  Reed ( 2 4 ) ,  f o r  mona- 

tomic gases ,  t h e  Mavroyannis-Stephen express ions  reproduce t h e  empir ica l  

parameter c f k  q u i t e  accu ra t e ly .  Thus,  i n  t h i s  work Equation 2.4-8 i s  

used t o  c a l c u l a t e  6 f o r  i ons .  After  s u b s t i t u t i o n  of the  va lues  of  a and 

e t h i s  equat ion can be  w r i t t e n  as 

2 '  

0 

12 3 /2z1 /2  
'a 3 .146~10-  

6 € =  

a 

12 3 /2z1 /2  3 .146~10-  p_ 
-m. 

L € =  

a" 
( 2 . 4 - 9 )  

+ 
To c a l c u l a t e  E fo r  K and OH- by means of t he  above equat ion,  

w e  need t h e  p o l a r i z a b i l i t y ,  p of these  ions .  The p o l a r i z a b i l i t i e s  of a 
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; -  

most ions have bet.ii t a b u l a t e d  i n  the Landolt-BornsteiD Tables (20). How- 

eve r ,  t he  p o l a r i z a b i l i t y  of OH- was not a v a i l a b l e  i n  the  l i t e r a t u r e ,  and 

was ca l cu la t ed  from molar r e f r a c t i o n  da ta  by t h e  fol lowing procedure 

(26,27): 

The energy quan t i ty  corresponding t o  the  second order  S t a r k  

e f f e c t  of a system is  

and t h e  e l e c t r i c  Eoment induced i n  t h e  system is 

(indj P = p€ 

The p o l a r i z a t i o n ,  P i n  u n i t  volume can be expressed i n  terms g f  t he  irzdex 

of r e f r a c t i o n  n as 

E. fi ( i nd )  _ -  3 nL-1 
- v p c = - -  v p  4n n2+2 

p = -  

The molar r e f r a c t i o n  R i s  def ined  by t h e  equat ion 

o r  

3 x cm. 3R 

4 m  
p = - = -  

+ 2.54 

( 2 . 4 -  10) 

( 2 . 4 -  11) 

( 2 . 4 - 1 2 )  

Molar r e f r a c t i o n  d a t a  f o r  OH- were obta ined  from re fe rence  (19) .  

p o l a r i z a b i l i t y  va lue  of OH- ca l cu la t ed  by the  above procedure i s  shown 
+ 

i n  Table  2.4-1. Also included i n  t h i s  t a b l e  a r e  c/k parameters f o r  K 

and OH- c a l c u l a t e d  by means of Equation (2.4-9) .  

c / k  f o r  So lu te  Gases 

The 

For most of t h e  s o l u t e  gases c / k  parameters were obtained from 

t h e  compilat ion of Hi rschfe lder ,  C u r t i s s  and Bird (23) .  These au thors  

29 



have l i s t e d  Lennacd-Jones parameters obtained from s e c x d  v i r i a l  ccef -  

f i c i e n t  and v i s c o s i t y  d a t a .  The former were used i n  t h i s  work. These 

parameters toge ther  with t h e  p o l a r i z a b i l i t i e s  of t h e  s o l u t e  gases  have 

been t abu la t ed  i n  Table 2.4-2. 

The va lues  of  l n ( y  K ) f o r  va r ious  s o l u t e s  c a l c u l a t e d  by sca l ed  CLa 
p a r t i c l e  theory a r e  compared wi th  experimental  va lues  i n  Table 2 . 4 - 3 .  

It i s  seen  t h a t  a t  25 C,  t h e  agreement i s  very good except i n  t h e  case  0 

of  l a r g e  molecules l i k e  SF and neo-C H I n  most cases t h e  agreement 

between t h e  t h e o r e t i c a l  and experimerital va l r iev  o f  t h e  quantity y K 

( inve r se ly  p ropor t iona l  t o  s o l u b i l i t y )  i s  b e t t e r  t han  15Xo Tn t he  case  

of SF6 and neo-C H it  should be noted t h a t  t h e  t h e o r e t i c a l  va lues  of 

l n ( y  K ) f o r  t h e  s o l u b i l i t y  of these gases  i n  water a r e  lower and h igher ,  

r e s p e c t i v e l y ,  than  t h e  corresponding experimental  q u a n t i t i e s .  This t r end  

6 5 1 2 "  

a a  

5 1 2 '  

a a  

cont inues  even f o r  potassium hydroxide s o l u t i o n s .  A p o s s i b l e  explana t ion  

f o r  t h e s e  d i sc repanc ie s  may be as follows: F i r s t l y ,  s i n c e  the  Lennard- 

Jones parameters ,  (T and Elk ,  a r e  not known accura t e ly  f o r  var ious  sub- 

s t a n c e s ,  they might be s i g n i f i c a n t l y  i n  e r r o r  f o r  t h e s e  l a r g e  molecules .  

Since t h e  c a l c u l a t e d  va lues  are  very s e n s i t i v e  t o  0 va lues ,  a small 

e r r o r  i n  t h i s  parameter can r e s u l t  i n  an apprec i ab le  e r r o r  i n  l n ( y  K ). a a  
Secondly,  t h e  v a r i o u s  assumptions involved i n  t h e  theory  might riot be 

j u s t i f i e d  f o r  t h e s e  systems. These assumptions are  d iscussed  below. 

It should be r e c a l l e d  that  t h e  only assumptions involved i n  

-h 
t h e  c a l c u l a t i o n  of  t h e  f r e e  energy of making t h e  c a v i t y ,  a r e  t h a t  

( i)  t h e  molecules are  composed of  an inner  hard core  and an ou te r  s o f t  

ga, 

p a r t ,  ( i i )  t h e  hard co re  diameter i s  temperature  independent,  By 
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c a l c u l a t i n g  t h e  s o l u b i l i t y  of a hard sphere s o l u t e  of diameter 2.58 A' 

i n  va r ious  so lven t s  P i e r o t t i  (6)  has shown t h a t  t hese  assumptions cause 

l i t t l e  e r r o r  a t  25'C. The following assumptions were made i n  t h e  ca lcu-  

l a t i o n  of t he  f r e e  energy of introducing t h e  molecule i n t o  t h e  cav i ty  

-S 
( i )  The pva c o n t r i b u t i o n  t o  the f r e e  energy i s  assumed n e g l i g i b l e .  

a It has  been shown by P i e r o t t i  (6 )  t h a t  vs i s  a small  nega t ive  number 

f o r  weakly i n t e r a c t i n g  s o l u t e s ,  and should become l a r g e r  a s  t he  i n t e r -  

a c t i o n  energy inc reases .  Since w e  a r e  concerned wi th  a p res su re  of t h e  

o rde r  of only one atmosphere, neglect ing pv should cause a n e g l i g i b l e  
-6 

Tc. 

e r r o r .  

(ii) The second assumption was t h a t  Tis can be  neglec ted  a s  com- a 
-S pared t o  e . It i s  d i f f i c u l t  t o  determine t h i s  q u a n t i t y ,  bu t  i t  i s  

known t h a t  s w i l l  be nega t ive .  

a 
-S Since t h e  system becomes more organized 
a 

-S i f  t h e  i n t e r a c t i o n  energy is  l a r g e ,  T s  w i l l  make a s i g n i f i c a n t  c o n t r i -  

b u t i o n  f o r  s t rong ly  i n t e r a c t i n g  so lu t e s .  For most of t h e  s o l u t e s  con- 

a 

s i d e r e d ,  t h e  i n t e r a c t i o n  energ ies  a r e  not l a r g e  and t h e r e f o r e  neg lec t ing  

T s  should not cause a very s i g n i f i c a n t  e r r o r .  However, f o r  SF and neo- -S 

a 6 

C5HI2 t hese  ene rg ie s  are  q u i t e  high and apprec iab le  e r r o r  may a r i s e  from 

neg lec t ing  Ts  -S . 
a 

( i i i )  The t h i r d  assumption which w a s  made i n  t h e  c a l c u l a t i o n  of 

-S 
g w a s  t h a t  t h e  r a d i a l  d i s t r i b u t i o n  func t ions  g ( r )  a r e  equal  t o  uni ty  

f o r  r > a . Since g ( r )  i s  a funct ion of t he  i n t e r a c t i o n  ene rg ie s ,  

t h i s  assumption should no t  be very good f o r  s t rong ly  i n t e r a c t i n g  mole- 

a aj 

aj aj 

c u l e s  Like'SF and neo-C H For such molecules t h e  so lven t  spec ie s  6 5 12' 
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cannot be uniformly d i s t r i b u t e d  around the  s o l u t e ,  and mrne func t ion  

should be assumed f o r  g (r). 
aj 

( i v )  The fou r th  f a c t o r  which seems l i k e l y  t o  be a cause of d i s -  

c repancies  i s  t h e  form of the  nonpolar p a i r - p o t e n t i a l  assumed. The 

Lennard-Jones p o t e n t i a l  was assumed t o  hold f o r  a l l  nonpolar i n t e r -  

a c t i o n s .  However, f o r  molecules such a s  SF and neopentane t h e  p a i r  

i n t e r a c t i o n  might not be adequately descr ibed  by t h i s  p o t e n t i a l .  

6 

Pred ic t ed  Concentrat ion Dependence. 

From Table 2 . 4 - 3 ,  i t  i s  seen t h a t  t h e  concen t r a t ion  depen- 

dence of  t h e  s o l u b i l i t y  of va r ious  gases  i n  potassium hydroxide so lu-  

t i o n s  i s  p red ic t ed  q u i t e  accu ra t e ly ,  except f o r  very l a r g e  molecules such 

as neo-C H The main f a c t o r s  which might be t h e  cause of t h e  d i s -  

c r epanc ie s  i n  t h e  case  of l a rge  molecules have a l ready  been d iscussed .  

I n  a l l  ca ses ,  both t h e  p red ic t ed  and experimental  va lues  of l n ( y  K ) 

i n c r e a s e  wi th  inc rease  i n  potassium hydroxide concent ra t ion .  To f a c i l i -  

t a t e  t h e  d i scuss ion  of  t h e  concent ra t ion  dependence of t h e  s o l u b i l i t y ,  

t h e  experimental  and ca l cu la t ed  values  of l n ( y  K ) f o r  t h e  s o l u b i l i t y  

of oxygen have been p l o t t e d  ve r sus  potassium hydroxide concen t r a t ion  

i n  F igu re  2.4-2. (The agreement between theory and experiment f o r  t h i s  

system i s  n e i t h e r  t h e  b e s t  nor worst f o r  t h e  system s t u d i e d . )  

5 1 2 '  

a a  

a a  

Resu l t s  p red ic t ed  by t h e  e l e c t r o s t a t i c  t h e o r i e s  of  Debye- 

McAulay (28)  and Conway ( 2 )  a r e  a l so  included i n  t h i s  f i g u r e .  It i s  

seen  t h a t  t h e  sca l ed  p a r t i c l e  theory g ives  very good agreement f o r  

t h e  concen t r a t ion  dependence. The c a l c u l a t e d  va lues  a r e  s l i g h t l y  lower 

than  t h e  experimental  va lues  f o r  l o w  and moderate potassium hydroxide 
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concent ra t ions ,  whereas a t  very high concent ra t ions  t h e  p red ic t ed  va lues  

a r e  higher  than t h e  experimental  va lues .  The d i sc repanc ie s  i n  t h e  r e s u l t s  

may be due t o  the  assumptions discussed e a r l i e r .  In  a d d i t i o n ,  a s m a l l  

e r r o r  i n  t h e  choice of t h e  parameter 0 f o r  t h e  ions  w i l l  in t roduce  a l a rge  

e r r o r  i n  t h e  r e s u l t s  f o r  concentrated s o l u t i o n s .  The theory of Debye- 

McAulay ( 2 8 )  g ives  much lower results than  t h e  experimental  va lues .  On 

t h e  o t h e r  hand, t he  theory of  Conway ( 2 )  g ives  f a i r l y  good r e s u l t s  up 

t o  20% KOH concent ra t ion .  A t  higher conceq t r a t ions ,  however, t h e  expres- 

s i o n s  of Conway become i n v a l i d  and p r e d i c t  a nega t ive  s o l u b i l i t y .  

P red ic t ed  Temp era t ur e Dependence 

The r e s u l t s  c a l c u l a t e d  from t h e  sea l ed  p a r t i c l e  theory f o r  t h e  

0 
s o l u b i l i t y  of va r ious  gases  a t  80  C a r e  a l s o  shown i n  Table 2.4-3.  The 

agreement between t h e  experimental  and t h e  c a l c u l a t e d  va lues  i s  q u i t e  

good f o r  most of t h e  s o l u t e s .  As before ,  t h e  agreement i s  poor f o r  the  

case of SF and neo-C H To examine t h e  temperature  dependence of  

t h e  s o l u b i l i t y  r e s u l t s  f o r  oxygen i n  20% KOH have been p l o t t e d  aga ins t  

6 5 12'  

a b s o l u t e  temperature  i n  F igure  2.4-3.  It is  seen  t h a t  t h e  temperature 

dependence p red ic t ed  i s  too  l a r g e ,  TQ make a q u a n t i t a t i v e  assessment 

of t h e  temperature  dependence, p a r t i a l  molal  h e a t s  of s o l u t i o n s ,  AH2 

were c a l c u l a t e d ,  and t h e s e  va lues  for  O2 a r e  t a b u l a t e d  i n  Table 2.4-4.  

2 It is  seen  t h a t  t h e  a b s o l u t e  magnitude of  t h e  c a l c u l a t e d  va lues  of OH 

i s  much higher  t han  t h e  experimental  va lues .  S imi l a r  d i sc repanc ie s  

a r e  p r e s e n t  i n  case of o t h e r  so lu t e s .  

- 

- 

The d i f f e r e n c e s  i n  ca l cu la t ed  and the  experimental  va lues  

can  b e  explained a s  follows: it has been mentioned e a r l i e r  t h a t  t h e  

ha rd  sphere  diameter f o r  va r ious  species  i s  a func t ion  of temperature 

35 



13 

1' 

I I I t 

Exper ixent  

---- Scaled P a r t i c l e  Theory (Constant Cr> 

-e-.- Scaled P a r t i c l e  Theory (Tenperature  
Dependent G) 

I 1 1 1 

2 7 3  293 313 333 353 . 373 
b Yemperatur e ,  :. 

Fi;ure 2.4-3 Ezfect o f  Tenperat  :re o n  Acti~rit;: Coe f f i c i en t  
o f  Oxygen i n  ;CYo K?:! Solu t ion  



( see  a l s o  r e fe rences  ( 2 9 )  and (30)), By r a l c u l a t i n g  the  s o l u b i l i t y  of hard 

spheres  of  diameter 2 .58  A ( ze ro  p o l a r i z a b i l i t y )  i n  water  i t  was found 

t h a t  t h e  theory p r e d i c t s  a decrease i n  t h e  (5 value  f o r  water ( s ee  r e fe rence  

16) .  

2 .75  a t  25OC. 

c rease  s l i g h t l y  a t  8 0  C .  

i n  a s i g n i f i c a n t  e r r o r  i n  the r e s u l t s .  To examine the e f f e c t  o f  t he  

change i n  0 va lues  a t  h ighe r  temperatures tor var ious  spec ie s ,  t h e  so lu-  

b i l i t y  of O2 i n  20% KOH solution was c a l c u l a t e d  by cillowing 0' t o  vary 

wi th  temperature  ( s e e  Table 2 . 4 - 5 ) .  

ions  and oxygen were es t imated  by assuming t h e i r  diameters  t o  decrease  

wi th  temperature  i n  a propor t iona te ly  s imi l a r  way t o  t h a t  of t h e  water 

molecule diameter .  Appropriate values of 0 f o r  temperatures i n t e r -  

mediate  between 25  and 80 C were obtained by i n t e r p o l a t i n g  between 

t h e  va lues  shown. 

0 

0 The va lue  of (5 f o r  water obtained a t  8OoC was 2 . 7 4  A as a g a i n s t  

This  implies  t h a t  13 f o r  a l l  t h e  spec ie s  involved w i l l  de- 

0 
A l t h o u g h t h i s  decrease  i s  very small  it r e s u l t s  

The 80°C va lues  shown f o r  0 f o r  

0 

The r e s u l t s  ob ta ined  a r e  p l o t t e d  i n  F igure  2 . 4 - 3 .  It i s  seen  

t h a t  t hese  0 va lues  lead  t o  a more c o r r e c t  temperature  dependence f o r  

t h e  oxygen s o l u b i l i t y .  

i n  0 w i l l  be  s t i l l  l a r g e r  and w i l l  t h e r e f o r e  in t roduce  apprec iab le  

e r r o r s  i n  t h e  r e s u l t s  a t  higher  temperatures,  a s  i s  observed i n  Table 

2 . 4 - 3 .  

I n  t h e  case of SF6 and neo-C H t h e  decrease  5 12' 
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Temper a t  ur e 

C 0 

25 

40 

6 0  

80 

So lv ent  Spec i e s 

O2 

H2° 

K+ 

TABLE 2.4-4 
&i2 FOR 0,/202 KOH SOLUTION, c a l  I (gemole) -1  

Expt . 

-1100 

- 812 
- 635 

- 446 

TABLE 2.4-5 

PARAMETER (5 FOR SOLVENT SPECIES,  A' 

- 25OC 

3.46 

2.75 

2.60 

Theory 

-2020 

- 1770 

- 1325 
-1097 

- 8OoC 

3.45 

2.74 

2.59 

OH- 3.30 3.28 
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Comparison of t h e  b l e c t r o s t a t  i c  Theories acd  the Proposed Cavity Model 
Based on Scaled P a r t i c l e  Theory 

(1) The most s t r i k i n g  d i f f e rence  between t h e  two p r i n c i p a l  types 

of t h e o r i e s  i s  t h a t  whereas t h e  Debye-McAulay and Conway t h e o r i e s  can s a t i s -  

f a c t o r i l y  p red ic t  s a l t i n g - o u t  e f f e c t s  only up t o  5% and 20% KOH, respec-  

t i v e l y ,  t he  proposed cav i ty  model gives  very s a t i s f a c t o r y  r e s u l t s  f o r  

potassium hydroxide concent ra t ions  up t o  50%. 

( 2 )  The e l e c t r o s t a t i c  t heo r i e s  enable  one to c a l c u l a t e  t h e  

s o l u b i l i t y  of the  s o l u t e  in a n  e l e c t r o l y t i c  s o l u t i o n  only i f  t he  co r re s -  

ponding s o l u b i l i t y  i n  water i s  known. On t h e  o the r  hand, t h e  proposed 

c a v i t y  model g ives  t h e  former quant i ty  d i r e c t l y  

( 3 )  The temperature  dependence of t h e  s o l u b i l i t y  can be  f a i r l y  

s a t i s f a c t o r i l y  c a l c u l a t e d  by the  cav i ty  model whereas e l e c t r o s t a t i c  theor -  

i es  cannot a t tempt  such a c a l c u l a t i o n  because t h e  parameters needed f o r  

t h e s e  t h e o r i e s  a r e  usua l ly  not  a v a i l a b l e  a t  higher  temperatures .  

( 4 )  The proposed c a v i t y  model should be a b l e  t o  p r e d i c t  t h e  

observed s a l t i n g - i n  phenomena i n  cases when t h e  t o t a l  molecular po la r i za -  

t i o n  of  t h e  s o l u t e  i s  l e s s  than  tha t  of  t h e  so lven t .  I n  such cases  t h e  

e l e c t r o s t a t i c  t h e o r i e s  p r e d i c t  t h a t  s a l t i n g - o u t  should occur .  I n  f a c t ,  

Bockris  et  a l .  (31)  recognized the importance of nonpolar i n t e r a c t i o n s  

i n  a s o l u t e / e l e c t r o l y t e  system and accounted f o r  t h e  s a l t i n g - i n  of ben- 

z o i c  a c i d  by t e t r a  a l k y l  ammonium iodides  i n  aqueous and e thylene  g lyco l  

s o l u t i o n s  by cons ider ing  Van der Waal's fo rces  between t h e  s o l u t e  and 

t h e  ions  i n  a d d i t i o n  t o  t h e  coulombic fo rces .  

(5)  The e l e c t r o s t a t i c  t heo r i e s  a r e  d i f f i c u l t  t o  use  because 

t h e  parameters  involved a r e  d i f f i c u l t  t o  o b t a i n  accu ra t e ly .  On t h e  o t h e r  
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I -  

hand, t he  c a v i t y  model contains paramete r s  which are e i t h e r  e a s i l y  a v a i l -  

a b l e  o r  can be c a l c u l a t e d  wi th  adequate accuracy and without undue d i f f i -  

c u l t y .  

I n  a d d i t i o n  t o  the  above obvious advantages of t h e  c a v i t y  model, 

based on t h e  sca l ed  p a r t i c l e  theory,  over e l e c t r o s t a t i c  t h e o r i e s ,  t h e r e  

i s  an  important conceptual  advantage: The proposed model i s  s imple,  easy 

t o  v i s u a l i z e  and s t a r t s  with f a i r l y  r igo rous  equat ions of s t a t i s t i c a l  

mechanics. The s o l u b i l i t y  of a gaseous s o l u t e  i n  organic  s o l v e n t s  (6), 

water ( 7 )  and e l e c t r o l y t i c  so lu t ions  can be explained i n  terms of s i n g l e  

theory involving no assumptions concerning t h e  s t r u c t u r e  of t h e  s o l v e n t .  

E l e c t r o s t a t i c  t h e o r i e s ,  on t h e  o ther  hand, s t a r t  wi th  t h e  b a s i c a l l y  

i n c o r r e c t  assumption of  a continuous medium, a r e  d i f f i c u l t  t o  conceive,  

and become s t i l l  more obscure when t h e  ideas  concerning t h e  s t r u c t u r e  

of t h e  so lven t ,  hydra t ion  s h e l l s  , and d i e l e c t r i c  s a t u r a t i o n  e f f e c t  are 

in t roduced .  

The proposed model r a i s e s  a n  i n t e r e s t i n g  po in t .  The f a c t  t h a t  

t h e  ions  a re  charged does not appear t o  a f f e c t  t h e  s o l u b i l i t y  process  t o  

a s i g n i f i c a n t  ex ten t .  The d i f f e rence  between the  s o l u b i l i t y  phenomena 

i n  e l e c t r o l y t i c  s o l u t i o n s  and pure water appears  t o  l i e  i n  t h e  f a c t  t h a t  

t h e  former con ta ins  a number of p a r t i c l e s  ( i o n s )  having molecular para- 

meters  which a r e  d i f f e r e n t  than those of water .  The nonpolar i n t e r a c t i o n s  

between t h e  s o l u t e  and t h e  ions a r e  found t o  be t h e  only i n t e r a c t i o n s  

which a r e  important .  This  i s  i n  c o n t r a d i s t i n c t i o n  t o  ear l ie r  viewpoints  

( 1 )  i n  which t h e  e l e c t r o s t a t i c  i n t e r a c t i o n s  and hydra t ion  e f f e c t s  were 

supposed t o  be mainly r e spons ib l e  for s a l t i n g  phenomena. 
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3.0 DIFFUSION COEEKICIENTS OF OXYGEN AND HYDROGEN I N  POTASSIUM HYDROXIDE 
SOLUTION - M. K. Tham 

Measurements have been made of t h e  d i f f u s i o n  c o e f f i c i e n t s  of 

0 0 0 oxygen i n  potassium hydroxide a t  25 , 40 and 60 C, and a t  concent ra t ions  

up t o  s a t u r a t i o n .  

have been measured f o r  t he  same Concentration range.  

0 Also, d i f f u s i o n  c o e f f i c i e n t s  of H2 a t  25' and 40 C 

S l i g h t  changes i n  experimental  procedure have been made a f t e r  

t h e  Fourth Semi-Annual Repcrt .  

3 . 1  Experimental Procedures 

3 .1 .1  P r e s a t u r a t i o n  ~f Gases ' 

The oxygen and hydrogen gas  used i n  t h e  experiments were 

p r e s a t u r a t e d  wi th  water vapor by bubbling through two p r e s a t u r a t o r s  before  

i n t r o d u c t i o n  i n t o  t h e  d i f f u s i o n  c e l l .  The p r e s a t u r a t o r s  were f i l l e d  wi th  

potassium hydroxide of t h e  concent ra t ion  being s t u d i e d ,  and con t ro l l ed  a t  

t he  same temperature  as t h e  so lu t ion  being measured. An o i l  ba th  was used 

f o r  c o n t r o l l i n g  temperature  i n  order  t o  prevent  any i n t e r f e r e n c e  from o the r  

e l e c t r i c a l  instruments  ( inadver ten t  s p i l l a g e  of KOH has occas iona l ly  posed 

a few problems). 

3.1.2 Procedure 

The oxygen o r  hydrogen g a s ,  p re sa tu ra t ed  wi th  water vapor,  

w a s  bubbled through t h e  s o l u t i o n  i n  t h e  d i f f u s i o n  c e l l  f o r  t h i r t y  t o  f o r t y  

minutes .  The gas-sa tura ted  so lu t ion  w a s  then  drawn i n t o  t h e  p r e t r e a t e d  

c a p i l l a r y  e l e c t r o d e  by means of a hyperdermic sy r inge ,  a f t e r  which t h e  

bubbl ing of  gas  was stopped, and the s o l u t i o n  was allowed t o  e q u i l i b r a t e  

wi th  t h e  surrounding medium f o r  f ive  minutes be fo re  t h e  measurement of t h e  

c u r r e n t  w a s  begun. Using a Sargent Model XV recorder-polarograph,  t h e  
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curren t - t ime curve was recorded for 18 t o  20 minutes whi le  applying a 

cons tan t  vo l tage .  The vo l t age  app l i ed ,  which corresponds t o  t h e  vo l t age  

f o r  concent ra t ion  p o l a r i z a t i o n  t o  take p lace ,  was 0.4 t o  0.65V f o r  oxygen 

and +0.1 t o  0.2V f o r  hydrogen with r e spec t  t o  a s a t u r a t e d  calomel e l e c t r o d e .  

Af te r  each measurement, gas was again bubbled through t h e  s o l u t i o n  f o r  f i v e  

minutes ,  during which t i m e  t h e  pretreatment  procedure was r epea ted .  Then 

t h e  c a p i l l a r y  was r e f i l l e d  with f resh  s o l u t i o n ,  and t h e  measurement w a s  

repea ted .  Five t o  s i x  r e p e t i t i o n s  were made f o r  each experiment, and 

t h e  a r i t h m e t i c  mean of  t he  c u r r e n t  measured w a s  used f o r  c a l c u l a t i n g  t h e  

d i f f u s i o n  c o e f f i c i e n t  by means of the following equat ion  

where i = 
n =  

F =  
c =  
A =  
t =  

D = ( L ) . t  nFCA 

cur ren t  i n  amperes 
number of Faradays of e l e c t r i c i t y  r equ i r ed  per mole 
of e l e c t r o d e  r e a c t i o n  
Faraday 
concen t r a t ion  of d i f f u s i n g  m a t e r i a l  
c ros s - sec t iona l  a r ea  of d i f f u s i o n  pa th  
t i m e  a t  which the  cu r ren t  i s  measured . 

To measure t h e  r e s i d u a l  cu r ren t ,  n i t rogen  gas  was bubbled 

through t h e  s o l u t i o n ,  thus  s t r i p p i n g  out  t h e  d i f f u s i n g  g a s ,  a f t e r  which 

t h e  same procedure as t h a t  f o r  measuring d i f f u s i o n  cu r ren t  was followed. 

The s t r i p p i n g  and measuring were repeated u n t i l  t h e r e  were no changes 

i n  r e s i d u a l  cu r ren t  f o r  two successive measurements. 

3.1.3. Pretreatment  of Electrodes 

The plat inum e lec t rode  was p r e t r e a t e d  according t o  the  

procedure suggested by Damjanovic e t  a l .  ( 3 2 ) .  Before s e a l i n g  the  

p la t inum d i s c ,  i t  was f i r s t  washed with ace tone ,  d i s t i l l e d  water, con- 

c e n t r a t e d  s u l f u r i c  a c i d  and aga in  with d i s t i l l e d  water .  To remove 
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s u l f a t e  ion ,  t h e  e l e c t r o d e  was immersed i n  potassium hydroxide f o r  15 

minutes.  Before each measurement, t he  e l ec t rode  w a s  c leaned by means 

of ca thodic  evolu t ion  of hydrogen. When measuring hydrogen d i f f u s i v i t y ,  

t h e  e l ec t rode  was po la r i zed  a t  a p o t e n t i a l  of -0.2V v s .  s a t u r a t e  calomel 

e l ec t rode  f o r  a per iod  of 1 minute t o  a c t i v a t e  t h e  platinum (33) .  

3.2 Resul t s  and Discussion 

The d i f f u s i o n  c o e f f i c i e n t s  of 0 and H a r e  t abu la t ed  i n  Tables 2 2 

3.2-1 and 3.2-2. The dev ia t ions  a r e  s tandard  dev ia t ions  from t h e  a r i t h -  

met ic  mean f o r  5 t o  6 measurements. The da ta  a r e  p l o t t e d  a g a i n s t  weight 

percent  potassium hydroxide i n  Figures  3.2-1 and 3.2-2, and aga ins t  

spec ie s  f r a c t i o n  i n  F igures  3.2-3 and 3,2-4.  The e x i s t i n g  da ta  fo r  t he  

same system were a l s o  shown i n  Figures  3.2-1 and 3.2-2. The va lues  of 

d i f f u s i o n  c o e f f i c i e n t s  a t  25OC a r e  only s l i g h t l y  l e s s  than those  of 

Tobias -- e t  a l .  (34 ) ,  bu t  t hose  a t  6OoC d i f f e r  s i g n i f i c a n t l y .  

be a t t r i b u t e d  t o  the  d i f f e r e n c e  i n  the  va lue  of s o l u b i l i t i e s  used. 

(See F igure  2 . 1 ,  Fourth Semi-Annual Report . )  

This  may 

0 
The va lues  of d i f f u s i o n  c o e f f i c i e n t s  f o r  H a t  30 C as measured 2 

by Ruetschi  (35) a r e  q u i t e  d i f f e r e n t  from the  va lues  measured i n  t h i s  

work. No comparison can be made a t  t h i s  t i m e  s i n c e  both t h e  method of 

measurement and t h e  s o l u b i l i t y  da t a  ( s e e  Figure 2.2, Fourth Semi-Annual 

Repor t )  a r e  d i f f e r e n t .  

I n  F igures  3.2-3 and 3.2-4 t h e  va lues  of d i f f u s i o n  c o e f f i c i e n t  

were p l o t t e d  a g a i n s t  spec ie s  f r a c t i o n .  According t o  R a t c l i f f  (36) and 

K. K. Bhat ia  (37 ) ,  a l l  t h e  po in t s  should be on a s t r a i g h t  l i n e .  It can 

be s e e n  t h a t  t h e  da t a  d e v i a t e  from a s t r a i g h t  l i n e ,  e s p e c i a l l y  f o r  t h e  
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higher  e l e c t r o l y t e  concen t r a t ion  da ta ,  which sugges ts  t h a t  t h e  simple 

theory  does not hold wel l  f o r  concentrated s o l u t i o n s .  

D 1 
T T 

The Eyring equat ion  p r e d i c t s  t h a t  a p l o t  of  I n  (-1 v s  - should 

g i v e  a s t r a i g h t  l i n e .  Such a p l o t  is  shown i n  Figure 3.2-5, which g ives  

reasonably s t r a i g h t  l i n e s  f o r  various KOH concen t r a t ions ;  however, i t  

should be noted t h a t  t o o  few temperatures have been s t u d i e d  t o  g i v e  a 

good t e s t  of theory .  
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, -  

Concentrat  ion,  
W t  % KOH 

3.5 

5.0 

6 .O 

10.2 

13.0 

19.0 

26 .O 

32.5 

40.2 

42.5 

51.5 

TABLE 3.2-1 

DIFFUSION COEFFICIENTS O F  OXYGEN IN KOH SOLUTION 

5 2  D x 10 .cm. s e c .  

25OC 

1.453.018 

1 18#.02 - 

0 8 5 3  e 015 

0 . 6 5 . 0 1 8  

0.4W - 01 

0.3W.012 - 

40'C 6OoC 

2.46+. - 02 

3 e 420 012 

1 7520 01 

2.45+0.021 - 
1.253.019 1 8+0 - 0 1 6 

0.90+0.01 - 
1 05W 02 - 

0 .5  7 3  02 

0.8 5 5 . 0  1 

0.453)  015 0. '72i-O. - 01 

TABLE 3.2-2 

D I F F U S I O N  COEFFICIENTS O F  HYDROGEN I N  KOH SOLUTIONS 

5 2  D x 10 ,cm. / s e c .  Concentrat  ion, 
W t  % KOH 2 5OC 4OoC 

5.0 3 . 1 3 . 0 1 5  4 . 6 3 . 0 2  8 

13 .O 2.36+0 - 02 3 . 6 3  0 1 7  

24.0 1 8 5 5 . 0  1 2 e 74W.01 - 
32.5 1.5520.023 2.4-tO.01 - 
42.5 1.25W.01 - 1 .9 5-9.02 

51.5 1.10+0.01 - 1 .8+0 - a 0 1 
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4.0  VAPOR PRESSURES OF LITHILW HYDROXILDE SOLUTIONS - J a t i n d e r  J o l l y  

I n  order  t o  measure or p red ic t  t h e  s o l u b i l i t y  of  oxygen and 

hydrogen i n  l i t h ium hydroxide so lu t ions  i t  i s  necessary t o  know t h e  

exac t  vapor pressures  of LiOH so lu t ions  a t  var ious  LiOH concen t r a t ions  

and temperatures .  A s  few such da ta  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  a 

s u i t a b l e  method was developed t o  measure t h e  r equ i r ed  d a t a .  

Severa l  methods were s tud ied  and f i n a l l y  i t  w a s  decided t o  

adopt Cumming's (38)  dew po in t  method, s u i t a b l y  modified.  It i s  

, be l i eved  t h a t  t h i s  method g ives  an  accuracy of about 0.01 C y  and t h e  

measurements can be extended t o  high vapor pressures .  The method i s  

a l s o  s u i t a b l e  f o r  measurements over a l a rge  range of concent ra t ions .  

It i s  a mat te r  of i n d i f f e r e n c e  when us ing  t h i s  method whether t h e  system 

s t u d i e d  i s  l i q u i d  o r  s o l i d .  

0 

4.1 Apparatus 

The appara tus  cons i s t ed  of a highly pol i shed  s i l v e r  tube  wi th  

c losed  end, which was s i lve r - so lde red  t o  a s t a i n l e s s  s t e e l  s l eeve  and 

c l o s e d  a t  t h e  top  wi th  a screwed cap. A thermometer (O.0loC accuracy)  

and t u b e s ,  through which water  w a s  c i r c u l a t e d  t o  and from a cons tan t  

temperature  ba th ,  were i n s e r t e d  through t h e  cap. Two d i f f e r e n t  o u t e r  

enc losu res  were designed t o  s u i t  d i f f e r e n t  ranges of temperature  and 

p r e s s u r e s .  For vapor pressures  up t o  1 atmosphere t h e  s i l v e r  tube  was 

f i t t e d  i n t o  a g l a s s  v e s s e l  m n t a i n i n g  t h e  s o l u t i o n ,  a s  shown i n  F igure  

4.1-1. 

o f  a vacuum g l a s s  stopcock t o  a vacuum pump t o  evacuate  a i r  from t h e  

system. The o the r  o u t l e t  was connected t o  a manometer. Though t h e  

presence  of  a i r  does not measurably a f f e c t  t he  vapor p re s su re ,  t h e  

One of t h e  o u t l e t s  of  t h e  g l a s s  con ta ine r  w a s  connected by means 
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formation and disappearance of dew i s  much sharper  and more r e a d i l y  

observed when a i r  i s  absent .  Sharpness of dewpoint i s  governed by 

the  speed wi th  which equi l ibr ium i s  aga in  s e t  up a f t e r  dew has been 

depos i ted  o r  evaporated from the  s i l v e r  tube.  

For h igher  temperatures and p res su res ,  t h e  s i l v e r  tube  w a s  

he ld  as shown i n  F igure  4.1-2 i n  a s t a i n l e s s  s t e e l  Tee, w i th  t h e  

s o l u t i o n  contained i n  a copper b lock  emending  from t h e  bottom f l ange .  

The copper b lock  was heavi ly  s i l v e r p l a t e d ,  and it he ld  about 40 m l  of 

t he  s o l u t i o n .  A s i d e  tube from t h e  Tee could be connected wi th  a 

vacuum pump. 

4 .2  Experimental Procedure 

Twenty m l .  of  so lu t ion  was p laced  i n  t h e  g l a s s  con ta ine r  

(F igure  4.1-1) ,  t h e  s i l v e r  t u b e  a f f i x e d ,  and t h e  appara tus  evacuated. 

The vacuum pump was c u t  o f f  and t h e  evacuated appara tus  was placed i n  

a cons tan t  temperature ba th ,  where it  was allowed t o  remain u n t i l  

equi l ibr ium w a s  reached. A period of 30 minutes was found t o  be suf- 

f i c i e n t  f o r  t h i s  purpose.  Hot water w a s  c i r c u l a t e d  i n  and out  of t h e  

s i l v e r  tube from another  cons tan t  temperature  ba th .  

Af te r  e q u i l i b r a t i n g ,  t h e  temperature of  water being c i r c u l a t e d  

i n  t h e  s i l v e r  t ube  was slowly reduced w i t h  t h e  a i d  of t h e  thermosta t  of 

t h e  water c i r c u l a t i n g  ba th .  The temperature  was noted when t h e  f i r s t  

t r a c e s  of dew were formed on the  s i l v e r  tube .  Thermometers used were 

high p r e c i s i o n  w i t h  0.05 c a l i b r a t i o n  up t o  40 C ;  €or  h igher  tempera- 

t u r e s ,  t h e  thermometer used had 0.01 C c a l i b r a t i o n .  These thermometers 

were s t anda r i zed  a g a i n s t  Nat ional  Bureau of Standards co r rec t ed  t h e r -  

mometers. Dew was made t o  disappear by slowly r a i s i n g  t h e  temperature  

0 0 

0 
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of t h e  c i r c u l a t i n g  water and t h e  measurevent then  repea ted .  Using a 

h ighly  pol i shed  tube ,  t h e  point of appearance of dew with f a l l i n g  temp- 

e r a t u r e  was found t o  agree  within 0.05 C w i th  the  poin t  of disappearance 

of dew with r i s i n g  temperatures.  The va lues  r epor t ed  a r e  the  mean of 

t hese  two va lues .  I n  every determinat ion t h e  observa t ion  of dew-point 

was c a r r i e d  out a t  l e a s t  t h ree  t imes ,  a l lowing a per iod of 15 minutes t o  

e l apse  between each observat ion f o r  equi l ibr ium t o  be r e - e s t a b l i s h e d .  

Determinations were not accepted unless  t h e  t h r e e  r e s u l t s  agreed wi th in  

0.05OC. 

ment with HC1. These dew-point temperatures  were used t o  determine t h e  

vapor p re s su re  from s tandard  t a b l e s  of vapor p re s su re  of water i n  the  

l i t e r a t u r e .  The vapor pressures  over l i t h ium hydroxide s o l u t i o n s  a r e  

t a b u l a t e d  i n  Table 4 .2-1  and a r e  p l o t t e d  on Figure 4.2-1. 

o 

The L i O H  s o l u t i o n  was s tandard ized  before  and a f t e r  t h e  exper i -  

4.3 Experimental  Resul ts  

The only l i t e r a t u r e  da t a  a v a i l a b l e  f o r  aqueous l i t h ium hydroxide 

0 
s o l u t i o n s  (39)  are f o r  25 C, and t h e  r e s u l t s  r epor t ed  here  ag ree  very we l l ,  

a s  may be seen  i n  Table 4.2-1. 

one experiment on ly ;  a d d i t i o n a l  experiments w i l l  be performed t o  confirm 

t h e  r e s u l t s  a t  t h e s e  temperatures .  However, a s  ex t r apo la t ed  va lues  a t  

zero  concent ra t ion  compare favorably wi th  t h e  water vapor p re s su res  a t  

t h a t  temperature ,  t h e s e  r e s u l t s  agpear t o  be s a t i s f a c t o r y .  F igure  4.3-1 

shows a semilog p l o t  of vapor p re s su re  v s .  r e c i p r o c a l  temperature .  The 

l i n e a r i t y  shown provides  a d d i t i o n a l  evidence concerning the  accuracy of 

t h e  da t a  r epor t ed .  

The r e s u l t s  a t  40' and 60' a r e  based on 

The work i s  being continued t o  g e t  vapor pressures  a t  h igher  

/ 

temperatures .  
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TAELE 4.2-1 

VAPOR PRESSURES OF LITHIUM HYDROXIDE SOLUTIONS 

0 
Temp. C W t .  % LiOH 

25OC 0 
1.9 
3 .85  
6 . 4 5  
8 . 0 5  

1 0 . 1 0  

40°C 0 
1.9 
3.85 
8 . 0 5  

1 0 . 1 0  

6 O°C 0 
2.4 
4 . 8 2  
8 .52  

10 .2  

Vapor P r e s s u r e  
Expt . 

23 .75  mm Hg 
' 23.14  

22.56 
21 .54  
21 .12  
20 .30  

55 .32  
53 .88  
52 .16  
49 .02  
46 .58  

149.28 
144.11 
139.79  
1 3 2 . 8 2  
129 .13  

Vapor P r e s s u r e  
L i t .  ( 3 9 )  

23 .756 mm Hg 
23 .15  
22.55 
21 .54  
21 .10  
20 a 30 

55 .32  

149.38  
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F igu re  4.2-1 Vapor P res su re  of LiOE vs Concent ra t ion  
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5.0 S O L U B I L I T L E U  GASES I N  LITI-IIUrM HYDROXIDE SOLUTIONS - Ja t  inder  J o l l y  --- 

S o l u b i l i t i e s  of  oxygen and argon i n  aqueous l i t h ium hydroxide 

s o l u t i o n s  have been measured a t  temperatures  of 25, 40 and 6OoC. 

5 .1  Experimental 

The appara tus  and experimental  procedure used i n  these  measure- 

ments was e s s e n t i a l l y  t h e  same as descr ibed  i n  t h e  Second Semi-Annual 

Report (40),  wi th  subsequent improvements g iven  i n  the  Third and Fourth 

Semi-Annual Reports  (41,42).  

5.2 Resu l t s  

The experimental  data  f o r  s o l u b i l i t y  of oxygen and argon have 

been t abu la t ed  i n  Table  5.2-1. A s  vapor p re s su re  readings  a r e  needed t o  

determine t h e  s o l u b i l i t y ,  these  s o l u b i l i t y  measurements w i l l  be r e c a l -  

cu la t ed  a f t e r  doing more work on vapor p re s su res .  I n  almost a l l  cases  

t h e  s o l u b i l i t i e s  a re  t h e  mean va ues f o r  f o u r o r  more r e p l i c a t e  measure- 

ments, The abso lu te  accuracy of t h e  d a t a  i s  d i f f i c u l t  t o  e s t ima te  as no 

da ta  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e ;  however, a comparison of va lues  

of t h e  s o l u b i l i t y  f o r  pure water r epor t ed  he re  wi th  t h e  l i t e r a t u r e  

va lues  sugges ts  t h a t  t h e  accuracy i s  about 2 2.0%. 

of oxygen and argon a t  25, 40 and 60 C have been p l o t t e d  aga ins t  L i O H  

concent ra t ion  i n  F igure  5.2-1. 

The s o l u b i l i t y  va lues  

0 

S o l u b i l i t y  of these  gases  decreased wi th  temperature  and LiOH 

concen t r a t ion  as shown i n  the graphs.  The e f f e c t  i s  less pronounced a t  

higher  concen t r a t ions  than  a t  lower ones.  

Work on t h e  s o l u b i l i t y  of o t h e r  gases  i s  being undertaken and 

w i l l  be  presented  i n  t h e  next r e p o r t .  
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TABLE 5.2-1 
SOLUBILITY OF GASES IN AQUEOUS LITHIUM EIYDROXlDE SOLUTIONS 

r 

3 
0 Solubility x 10 

wt. /LiOH 8. mole/liter _6as Temperature 

Oxygen 25OC 0 1.263 
3.85 0.77 
5.85 0.587 
10.10 0.309 
Sat. 0.244 

Argon 

40°C 0 
1.1 
3.85 
8.05 

10.1 
10.5 

6OoC 

25OC 

4OoC 

6OoC 

0 
1.9 
3.85 
8.05 

10.1 

0 
1.9 
3.85 
8.05 

10.1 

0 
1 . 9  
3.85 
8.05 

10.1 

0 
1.9 
3.85 
8.05 

10.1 

1.045 
0.8715 
0.617 
0.3633 
0.265 
0.247 

0.875 
0.682 
0.502 
0.323 
0.243 

1.36 
1.066 
0.8087 
0.4496 
0.329 

1.11 
0.896 
0.7055 
0.3877 
0.31 

0.918 
0.7655 
0.5816 
0.3609 
0.2849 
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6.0 FUTURE PIAES 

During t h e  next period a t t e n t i o n  w i l l  be concent ra ted  on com- 

p l e t i n g  d i f f u s i v i t y  measurements f o r  bo th  hydrogen and oxygen i n  KOH 

s o l u t i o n s  a t  temperatures up t o  about 100 C and concen t r a t ion  up t o  

approximately s a t u r a t i o n ,  and on t h e  completion of s o l u b i l i t y  measure- 

ments i n  l i t h i u m  hydroxide. I n  a d d i t i o n ,  i t  i s  planned t o  a t tempt  t o  

develop a more adequate theory f o r  t h e  d i f f u s i v i t y  of t h e  non-polar 

gases  i n  concent ra ted  s o l u t i o n s  of e l e c t r o l y t e s .  

0 
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